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Background

The Advanced Development Model (ADM) engine testing performed in 1984 showed

that the thermodynamic power of the engine was much lower than thermodynamic

code predictions. Also, the ADM engine when tested under the engineering

model (EM) operating conditions, yielded lower thermodynamic power than was

1. previously achieved by the EM performance engine which, to the first order, is

thermodynamically similar to the ADM.

K. Task Objective

The objective of Task 2.0 of IR&D program 26802 was to identify and understand

the cause for thermodynamic power shortfall in the ADM engine.

*Executive Summary

* In FY84, ADM diagnostic tests confirmed that the power shortfall in the ADM

engine was not due to higher than expected parasitic losses (losses associated

with the engine pressure wave), but was due to an inadequate power generating

capability of the engine with increasing displacer stroke. It was concluded

from the FY84 tests that the power discrepancy was due to some deficiency in

-the upper end of the ADM engine (see Figure 1).

In FY85, IR&D test results narrowed the probable causes for the power short-

fall to the following:

*Inadequate external heat transfer capability of the cooler

Large dead volume in the compression space causing some unknown loss

Clearance seal between the displacer liner and motor stator.

In early FY86, IR&D test results indicated that the primary cause for the

-D" power shortfall was the inadequate seal between the displacer liner and the

- motor stator. Late in FY86, the ADM engine was tested with an 0-ring

installed between the motor stator and the displacer liner. Good repeatable

performance was achieved and the test results were similar to code pred-

ictions. This established the clearance seal between the displacer liner and
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the motor stator as the main cause for the earlier poor thermodynamic perform-

ance of the ADM engine.

Introduction

A detailed historical description of the diagnostic tests performed in FY84

and FY85 and the conclusions reached is given in Appendix A.

In FY86, under IR&D program 26802, Task 2.0, the ADM engine was tested with

both tubed and monolithic heads. Results obtained from the tubed head testing

are documented in Appendix B. The configuration and the test results of the

engine build with monolithic head are described below. 4.'.

ADM Engine with Monolithic Head

A detailed description of the ADM monolithic head engine/alternator config-

uration is contained in the design report 84SESDI7. A general layout of the

engine is shown in Figure 2. The only significant hardware change for the

test engine from the configuration shown in Figure 2 was the incorporation of

a thermocouplc adapter plate between the heater head and the cooler housing.

This modification was required to connect the regenerator matrix thermocou-

ples to the data acquisition system.

Critical seal components of the ADM engine were inspected for a dimension

check. Inspection records and dimensional summary are included in Appendix C.

The baseline engine build configuration is given below. The diferences

-- between this configuration and the earlier tested (FY84) ADM configurations

are listed in Table 1:

• Monolithic head No. 1

ADM displacer drive

" 2.6-mil wire, 120-mesh, square-weave screen regenerator wiV i

thick window plates on each end of the regenerator (37€ i-, creens

with total weight of 832 g)

*4 
7
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Table 1

Configuration Differences Between
Present and Earlier ADM Builds

Component Present Earlier

Monolithic Head No. 1 No. 1, 3, and 16

Regenerator Screens 2.6-mil Square-Weave 3.7-mil Screens, 3.7-mil
Wire Screens With Metex, 1-mil Screen

Window Plates on

Both Ends

Seal Between Liner O-Ring Clearance

Gand Motor Stator

. Cooler EM Generation 3 ADM, EM Generation 2

* Compression Space Closed Open
Ports

S Thermocouples

Regenerator Yes No

Expansion No Yes

'p5

% %
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4.-

* Generation 3 EM cooler (a detailed description is contained in IR&D

report 87SESD36)

0O-ring between the displacer liner and motor stator

* ADM lower end

Power piston cylinder compression space ports closed

* External bearing supply and piston offset control scheme (Figure 3).

Instrumentation

Instrumentation and appropriate signal conditioning devices for each trans-

ducer are listed in Table 2. Tables 3 and 4 list the locations of themocouples

'J. for the heater head and the regenerator, respectively.

Two general comments regarding measurement uncertainties:

Approximately 60-Hz noise was seen in the measurements of dynamic variables.

*' The noise level was pronounced during slope/intercept testing when both the

displacer motor and the alternators where connected to the power supply

devices (Algars). During the load line test (only displacer motor connected

to the Algar), the level of noise was lower. It is believed that the noise

had neglegibly small influence on the measurement accuracy. Enough time was

not available to isolate the cause for this noise.

Compression space pressure was measured at two locations: 1) lower

compression space between the power pistons, and 2) upper compression space

below the cooler (probe in the displacer flange). Both pressure probes were

identical devices. During the engine operation upper probe indicated higher

mean pressure than the lower probe. This difference was piston stroke

(pressure amplitude) dependent. At zero piston stroke, mean pressure meas-

urements were close. At 14-mm stroke, the upper probe indicated 2-bar high-

er mean pressure and 10% higher pressure amplitude. In a latter test, the

N location of the two probes was reversed and the lower probe then indicated a

higher pressure reading. This concluded that the difference in measured

pressures was not real but was caused by the instrumentation and the associ-

ated signal conditioning devices. The cause for this discrepancy has not

been identified. Since the lower mean pressure measurement was consistant

6
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Table 3

Monolithic Heater Head Thermocouples
Type K; 40-mil Thick

Channel Side Location*

Assignment

34 Left 6.0
33 Left 4.3
28 Left 4.15
29 Left 3.6

36 Back 1.0
37 Back 2.0
38 Back 2.5
40 Back 3.0

- 2 Back 4.0
7 Back 4.5
9 Back 5.0
8 Back 6.0

3 Right 1.0
10 Right 1.5

, .11 Right 2.2

4. * 12 Right 3.0
16 Right 4.0

4,17 Right 4.3
18 Right 4.5
20 Right 5.0

." .24 Front 1.0
- . 43 Front 1.5

31 Front 2.5
26 Front 3.0

Out of the above 24 thermocouples, 23 were active. Average heater head
temperature was calculated from the average of the above active 23 thermocou-

- pile readings. The standard deviation of the measured temperatures was about
S- 40 0 C.

" ',*Distance from Base in inches.

9
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Table 4

Regenerator Thermocouples
Type K; 20-mul Thick

Channel
Assignment Location Symbol on Plots

1 Top Back 1
35 Top Left 2
13 Top Right 3
25 Top Front Not Active

21 Middle Front 4
19 Middle Right 5
32 Middle Lef t 6

27 Bottom Front 7
15 Bottom Right 8

-. 14 Bottom Back 9
44 Bottom Left 0

Miff 10
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-- with the other pressure probes (piston and displacer gas spring probes), the

lower pressure measurement was used to calculate the piston PV powers.

Displacement and pressure probes were calibrated prior to each engine build.

A typical set of calibration tables are included in Appendix D.

ff4 Tests Performed

Four different tests were performed. The first test ran the baseline engine

0 configuration under the September 1984 ADM test operating conditions, which

were:

. Slope/intercept test format

" Mean pressure: 60 bar

o Operating frequency: 58 Hz

. Average heater head temperatures: 760 0 C, 660 0 C, 560 0C

& Piston stroke (peak to peak): 14 mm

. Displacer-to-piston phase angle: 660

The second test was performed without the O-ring between the displacer liner

and the motor stator to evaluate the influence of stator O-ring on engine

performance. Operating conditions and the rest of the build configuration

were the same as for the first test.

The third test was performed with the stator O-ring back in the engine to

confirm if the engine performance was repeatable.

The fourth test was performed with the displacer locked. Power pistons were

motored without supplying heat to the heater head. The purpose of this test

was to evaluate the parasitic losses in the engine (losses associated with the

pressure wave in the engine).

41 The following describes the results of the above series of tests.

% %



". Test 1 - Baseline Configuration Test

This test was performed on 20 September 1986 using test data file TADMH4.

Figure 4 shows the plot of piston PV power versus displacer amplitude at an

" average heater head temperature of 760 0 C. The test data compare favorably

with the CFAST code prediction. The HFAST code overpredicts the power by

essentially a constant magnitude of 300 W at all plotted points*. The plotted

S-PV power is the sum of two power piston PV powers. Since both the HFAST and

CFAST codes show similar correlation with EM performance engine test data, it

can be concluded that the thermodynamic performance of the present ADM base-

line configuration is similar to the performance of the EM performance engine.

4 %W

The displacer amplitude was limited to 6 mm (design amplitude 10 mm) due to

high displacer motor current (10-A rms versus 3-A design). High motor current

was partly due to high load side displacer gas spring losses (pressure wave

phase angle of 70 as compared to predicted value of 2.80) and partly due to

reactive motor power required to maintain displacer to piston phase angle of

660.

Figures 5 and 6 show the plot of piston PV power versus displacer amplitude at

- average heater head temperatures of 660 0C and 560 0 C, respectively. CFAST

matches the data at lower displacer strokes well, but overpredicts the PV

power at higher displacer strokes. Slope (PV versus XD) discrepancy in CFAST

predictions increases with decreasing heater head average temperature. (This

behavior was also seen in the earlier EM and ADM test results versus CFAST

code predictions and was the primary reason for the development of the HFAST

code.) Again, the HFAST code overpredicts the PV power by J300 W (Figure 4).

Figures 7 and 8 show the PV versus XD slope comparison between the test data

and modified HFAST predictions (HFAST predictions are arbitrarely decreased

.--  by P300 W at all points plotted). HFAST predicts the slope and curvature in

' The compression space dead volume for both CFAST and HFAST codes was adjusted

for one data point for each test to match the predicted and the measured

pressure amplitude. A detailed discussion regarding the need for volume

correction is given in IR&D report 87SESD38.

-I 

W 

12

'I1



I-t

-6t

MAII

-- C

SiM '--4



pV V"-Z L 0 F

3 -Nl

-7j

-~cS



Li U. w.-

fiei

lab)

- 'C -

%1



CD)

via

10



(IDi

S EJ

7L

es ~
-m ts m I

M d 'C



the test data quite well. In summary, HFAST predicts the power generation

with increasing displacer amplitude well, but underpredicts the parasitic

losses.

In Figures 9 and 10, the above-measured PV power is compared to the PV power

measured on 25 July 1984 ADM test. The present engine configuration yields

about 40 to 50% more PV power at similar operating conditions than the 1984

ADM configuration.

Figures 11 and 12 show plots of measured regenerator temperatures at various

displacer amplitudes. The engine was assembled with 375 square weave screens.

Four thermocouples were placed at 900 to each other between the heater window

plate and the first screen. After stacking 200 screens, three thermocouples

were placed at 1200 to each other. After stacking another set of 175 screens

four more thermocouples were placed at 900 to each other between the last

screen and the cooler window plate. The nonuniformity in the measured temper-

atures at the top of the regenerator reflects the circumferential temperature

maldistribution in the heater head. This circumferential variation in heater

head temperature is the result of imprecise mounting of combustor liner and

ceramic heater head cap. Figures 13 and 14 show the comparison between the

measured temperatures and code (CFAST and HFAST) predictions. HFAST predicts

the top and bottom regenerator temperatures well but underpredicts the temper-

atures at the middle of the regenerator. HFAST regenerator temperature

profile prediction has more curvature than in the test data.

• In summary:

1. The present baseline ADM engine configuration has 40 to 50% more PV

power at similar operating conditions than the 1984 ADM test config-

urat ion.

2. HFAST code predicts the power generation and regenerator top and

bottom temperatures well. However, HFAST under predicts the parasi-

tic losses by the following equation:

A parasitic loss 4.4 x Pressure amplitude 2

-A
- 0 ,
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where parasitic loss is in watts, and pressure amplitude in bar.

3. HFAST test data correlation of the baseline ADM engine configuration

is similar to the EM performance engine correlations.

Test 2 - Without Stator O-Ring

Other than removing the stator O-ring between the displacer liner and the

motor stator, the engine had the same build and same operating conditions as

the baseline engine configuration test. Testing was performed on

24 September 1986 using test data file TADMH5.

2-. Figures 15 and 16 compare the measured PV power with and without the stator

O-ring in the engine. PV power at low displacer amplitudes is similar; howev-

er, at high displacer amplitudes a significant drop in generated power is seen

*' in the engine build with no stator O-ring.

Figures 17 and 18 compare the 24 September 1986 and 25 July 1984 engine test

data. Although the two test configurations have many different components

(see Table 1), the test results are similar. This estabilishes the fact that

it is the sole presence of the stator O-ring that yields the considerable

performance gain over the 1984 test results.

Figures 19 and 20 show the plot of measured regenerator temperatures at vari-

ous displacer amplitudes. The following observations are made:

1. Regenerator top and bottom temperatures are similar with and without

the stator O-ring in place.

2. More nonuniformity in regenerator top temperature measurement with

O-ring out.

3. With increasing displacer amplitude, the temperature in the middle

of the regenerator increases. This behavior can result from unequal

working fluid flow in the regenerator during the hot and cold blows

5
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(unequal bypass of working fluid through and around the appendix gap

when the stator 0-ring is removed).

:n summary, the engine build without stator O-ring repeats the 1984 test data.

The present hypothesis is that the clearance seal between the displacer liner

and motor stator becomes large enough (during the engine operation) to cause

wsignificant bypass of flow through and around the appendix gap region.

Test 3 - Repeat Baseline Configuration Engine Test With Stator O-Ring In

Since the removal of stator O-ring from the engine build showed significant

drop in engine performance and the engine performance was similar to the 1984

ADM test, it was decided to repeat the baseline configuration test with stator

0-ring in. This test was performed on 27 September 1986 using test data file

TADMH6.

Figures 21 and 22 show the comparison of PV power measured on engine builds

with stator O-ring in, which were tested on 20 September 1986 and on

27 September 1986. Figures 23 and 24 show plots of regenerator temperatures

at various displacer amplitudes for the 27 September 1986 test. Engine

* .performance for the two builds is similar. This test again confirms the fact

° .that although some of the components in the 1984 and 1986 ADM builds were

different (these changes were made to improve the overall performance), it is

the sole presence of stator O-ring that makes the engine perform per the ther-

modynamic code (engine performance without the stat or O-ring repeats the

earlier 1984 ADM test results).

Test 4 - Locked Displacer Test

This test was performed on 1 October 1986 using test data file TADMH7 with the

"- displacer locked at about 7 mm from the midstroke position (toward the top

dead center). Displacer was held in position by placing cylindrical annular

rubber pieces in the load side and the heater side displacer gas spring cavi-

ties.
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The purpose of this test was to evaluate the pressure-induced parasitic losses

in the engine. The engine build was the same as the baseline configuration

except that the combustor was not mounted on the engine. The Tests were

performed at 60-, 50-, and 40-bar mean pressures. Power pistons were motored

and the data were taken at piston amplitudes of 2 to 7 mm. Maximum piston

amplitude was limited to 7 mm by the allowable current (28 A rms) in the alter-

nator power supply (Algars).

Figures 25 and 26 show the measured- and code-predicted PV power levels.

CFAST predicted the parasitic losses fairly well (as expected) and HFAST

underpredicted the parasitic losses (HFAST also underpredicted the parasitic

losses in the previous tests 1, 2, and 3 by about 300 W. It is believed that

the reason for underprediction of the parasitic losses by HFAST was due to its

inadequate modeling of the hysteresis losses. Figure 27 shows the comparison

of the test data and corrected HFAST predictions (predicted loss increased by

4.4 x pressure amplitude2 at each plotted point). With this correction, HFAST

predictions have a better match with the test results at 60-bar mean pressure;

however, a large discrepancy still exists at 50- and 40-bar mean pressures.

In summary, the parasitic losses in the engine are a strong function of piston

*) amplitude square (Figure 28), which indicates that the dominant losses in the

" engine are hysteresis and leakage losses. The parasitic losses measured

3 during the locked-displacer, cold-engine test are consistant with the parasi-

tic losses measured during unlocked displacer hot engine tests.

Performance Prediction of ADM Monolithic Head at Larger Piston Amplitudes

The purpose for performing the above series of tests was to compare the ther-

modynamic performance of the present-build ADM configuration and the ADM build

tested in 1984. Therefore, most of the testing was performed under the 1984

operating conditions with a piston amplitude of 7 mm. The design point piston

.. amplitude of the ADM engine is 11 mm and the maximum possible piston amplitude

" is 14 mm.

As mentioned above, the ADM and the EM engines are thermodynamically similar

and therefore should have similar power generation capability if run at simi-
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tar operating conditions. Although the power generation capability of the two

engines is similar, the ADM will have a lower PV power compared to the EM

engine because of higher parasitic losses (more wetted surface area in the

compression space and more number of clearance seals). The EM performance

engine generated its maximum PV power (5 kW) at 10 bar compression space pres-

sure amplitude. For the ADM engine, 10-bar pressure amplitude results at 9-mm

piston amplitude.

Prediction of the ADM engine performance at 9 mm piston amplitude was made by

running the HFAST code. The reasons for selecting HFAST was that it predicted

the slope of the PV versus XD curve well, and the discrepancy in predicting

the parasitic losses was consistant for the motoring as well as the engine run

tests. At 10-bar pressure amplitude, HFAST underpredicts the parasitic losses

by about 500 W. For a goal of 5-kW engine PV power, HFAST therefore should

predict 5.5 kW. Figures 29 and 30 show the HFAST-predicted PV power plotted

for varios displacer amplitudes and displacer phase angles at heater head

.. average temperatures of 760 C and 660 0 C, respectively. Figures 31 and 32 show

the heater head heat input (Qin) requirement for the above cases.

Achieving ADM PV power goal of 5 kW at 9 mm piston amplitude with the present

build requires an average heater head temperature of 760 0 C, displacer ampli-
tude of 10 mm, and displacer-to-piston phase angle of 750.

U
The maximum possible displacer amplitude for the ADM engine is 12.5 mm. This

assumes no offset in the displacer midstroke position. The maximum displacer

amplitude that can be achieved in the present ADM configuration (because of

displacer midstroke position drift) is about 9 mm. Figures 33 and 34 show the

HFAST-predicted PV power plotted at 9 mm displacer amplitude for various power

piston amplitudes and displacer phase angles at heater head average temper-

atures of 760 0 C and 660 0 C, respectively. Figures 35 and 36 show the heater

head heat input (Qin) requirement for the above cases. Increasing piston

. amplitude yields a small change in the engine PV power. This is because the

parasitic losses in the engine (due to engine pressure wave) increase at high-

er rate than the thermodynamic power generation of the engine. Figure 37

shows the predicted leakage loss at various piston amplitudes and Figure 38

shows the corresponding pressure amplitude in the engine. The above results
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conclude that at 9 mm displacer amplitude, 5 kW of PV power cannot be achieved

with the present-build ADM engine at any piston amplitude. In fact, the PV

power of the engine will actually reduce at larger piston amplitudes primarily

because of high predicted leakage losses.

" The predicted Leakage loss was calculated on the basis of the results obtained

from the motoring tests and the measurement of pressure wave phase angles in

various gas spring volumes. Detailed inspection of the ADM hardware showed

that most of the seal clearances should be close to the design values. Howev-

er, the results of the motoring tests indicate that these clearances may be

opening up during the engine operation conditions. Therefore, the losses may

not necessarily be due to opening up of the seal clearances, the leakage loss-

es could be due to an unanticipated leakage path or some other unknown loss

mechanism as well. Detailed inspection of the hardware did not identify other

than known flow paths or loss mechnisms. A flow check of all working spaces

and gas spring volumes is required.

Predictions were made with reduced leakage losses (by a factor of about 2;

leakage losses corresponded to seal clearances at maximum design tolerance

band). Figures 39 and 40 show the HFAST-predicted PV power plotted at 9-mm

* displacer amplitude for various power piston amplitudes and displacer phase

angles at heater head average temperatures of 760 0 C and 660 0 C, respectively.

3Figures 41 and 42 show the heater head heat input (Qin) requirement for the

above cases. It is seen that a PV power of 5 kW is achievable at at an average

heater head temperature of 760 0 C, displacer amplitude of 9 mm, displacer phase

• angle of 750, and at piston amplitudes of 10 mm and above. The modifications

required in the present ADM hardware to achieve 5 kW of PV power are discussed

in the following paragraph.

ADM Hardware Modification
S-

"- The following lists the necessary modifications required to the ADM hardware

tor achieving 5 kW of PV power:

SI. The ADM engine, under load-line operating conditions, runs at

displacer to piston phase angle of 450. In order to achieve a

J."
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reasonably high PV power, this phase angle has to be incresed to

about 750. The displacer phase angle can be increased by increasing

the power piston mass and/ or by increasing the piston gas spring

volume. The piston gas spring volume can be increased by removing

" the stuffer liner in the present gas spring volumes.

2. The displacer gas spring losses at present are high. The cause for

this high Loss needs to be identified by performing pressure leak

checks. It may be necessary to reduce the seal leakage losses by

- incorporating piston rings or Xylan coating.

3. The displacer motor, displacer, and power pistons at present are not

properly dynamically tuned to allow engine operation with high

-. *displacer phase angle and low motor reactive current. Proper tuning

.4 requires modification in the load side displacer gas spring volume.

4. With increasing displacer stroke, displacer midstroke offset

increases. The cause for this behavior has to be understood; if

necessary, the offset may have to be externally controlled by provid-
ing check valves.

C..."
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Early ADM Tests

The ADM engine was first assembled in early February 1984. The engine was run

under the following operating conditions:

° Mean pressure: 60 bar

" Operating frequency: 58 hz

" Mean head temperature: 680 0 C

. Piston stroke: 22 mm

" Stroke ratio: 0.9

. Displacer-to-piston phase angle: 650

The measured piston PV power for the above test was 2.8 kW, which was substan-

tially less than the code prediction. The following observations were made

after engine disassembly:

Level of discoloration of the regenerator screens and the displacer

dome indicated regenerator and expansion space temperatures were much

lower than previously experienced with the EM engine at similar mean

head temperatures

' "Expansion space stuffer liner was cracked.

The loss mechanisms postulated for the power shortfall were:

• Low expansion space temperature due to poor stuffer-fin interface with

the ADM head

" Excessive compression space leakage and/or hysteresis loss

- Excessive hysteresis loss in the ADM cooler

. Maldistribution of flow

• Excessive loss in cold-connecting duct

" Large volume in compression space caused some unknown loss

Gas resonance resulting in high viscous losses

" Cooler plenum too tight.

The following paragraphs give the results of the tests performed to evaluate

the influences of the above on power shortfall.

:A-U



.- Low Expansion Space Temperature Due to Poor Stuffer-Fin Interface. A back-

to-back test of the ADM engine with ADM and EM heater heads showed similar

performance. Therfore, the ADM heater head could not be the cause of the

power shortfall. Next, the ADM engine was tested with a modified EM heater

"- head that incorporated an expansion space thermocouple. At a heater head wall

mean temperature of 680 0 C, the measured expansion space temperature was 5740C.

pThe code predicted both the expansion and compression space temperatures with-

" - in ±15 0 C. Although the calculated temperature difference between the expan-

sion space and the heater head mean temperature agreed with only a small

deviation to the measured temperature difference, the code heater head heat

input (Qin) was higher than the measured Qin" Test and predicted cooler heat

rejection were similar. Correction of gas temperature for the Qin difference

resulted in relatively small change in predicted piston PV power. Therefore,

heater head stuffer fin interface was not the cause for the power shortfall.

Compression Space Leakage and Hysteresis. A static flow check of the power

*piston seals indicated that the seal clearances were 0.7 mil and 0.816 mil,

respectively. Per design, the seal clearance is 0.5 mil.i
To evaluate the compression space leakage and hysteresis losses, the lower end

- was tested seperately by bolting a plate on the engine flange. A motoring

test of the lower end indicated that leakage and hysteresis losses, when

projected to the design stroke, would be approximately 1800 W, which is about

800 W higher than design. Analytical evaluation showed reasonable agreement

with these test data when measured clearances and hysteresis factor of 2 were

applied. Running the code with these modifications had a small impact on

power shortfall. The conclusion was that the compression space leakage and

hysteresis were not the major cause of power shortfall.

ADM Cooler. ADM cooler internal fin gap is twice that of the EM cooler.

Tests were performed again with the bolted flange lower end with both ADM and

EM coolers to evaluate cooler hysteresis losses. Results indicated that while

the ADM cooler did add some additional hysteresis loss, this loss was small.

I-



Flow Maldistribution. Flow deflectors were installed in the compression space

aligned with the slot in the hub, to reduce any maldistribution of flow veloc-

(ity in the cold duct. This test was repeated by installing the deflectors to

increase maldistribution. Comparison of test results indicated no appreci-

able performance change.

Compression space surface temperature profile was measured by incorporating

thermal strips (100-170°F range; resolution 100 F). Eight strips were located

circumferentially around the displacer gas spring cylinder, four strips on the

compression space hub, and one strip on the piston face. Strips were also

located in both displacer gas springs and on the motor stator just beneath the

regenerator. The engine was tested at a mean head temperature of 660 0 C with a

displacer stroke of 18 mm. All the temperature strips on the compression

space surface indicated a temperature of 14 0 0F. Temperatures at the top of

the displacer motor liner and at the top of the head side displacer gas spring

were in excess of 170 0 F, which was expected.

Cold-Connecting Duct. Pressure measurements at the two extreme positions of

the cold connecting duct did not indicate any major loss.

Compression Space Volume. The top end of the EM was assembled on the bottom

end of the ADM engine with an additional compression space volume of 500 ccs.

p The test results could not be explained in terms of a direct dead volume

effect. It was decided to repeat this test again.

Gas Resonance. Eigenvalues and eigenfunctions of the fluid motion in the ADM

engine were calculated. The results indicated that gas resonance was not the

cause for power shortfall.

Tight Cooler Plenum. ADM cooler cold-side entrance was machined back 0.2 in.

to provide an entrance plenum. A close-mesh screeen was installed at the cold

side of the regenerator. The addition of the close-mesh screen was detri-

mental to engine performance. In subsequent tests, this screen was removed.

Test results indicated that incorporation of cooler plenum did not result in

any significant performance change.

r.'-.



FY84 ADM/EM Diagnostic Testing

Since the above investigation did not yield any clues for the power shortfall,

it was decided to lay out a logical test plan that compared the performance of

the thermodynamically similar EM and ADM engines.

The differences between the ADM and the EM engine components are:

Lower end - two power pistons versus one power piston; larger surface

area and dead volume in the ADM compression space; and different cold

connecting ducts

* Cooler - more open internal fins in the ADM; different water side fins

7/.. "Displacer - the ADM has different displacer drive than the EM.

The logic for using the EM engine to evaluate the reasons for the ADM power

shortfall was:

0 If the ADM power shortfall was due to the displacer drive and/or cool-

er, testing the EM engine on the ADM engine bottom end should result in

higher performance than ADM top on ADM bottom.

* If the problem is in the lower end, testing the EM on the ADM should

give the same performance as ADM on ADM.

0 Since earier EM test data matched code predictions, EM on EM perform-

ance should be better than ADM on ADM performance if the ADM engine is

run under EM thermodynamic conditions (same pressure amplitude,

displacer amplitude, and phase between the two).

Based on the above, the following series of tests were performed with the ADM,

the EM, and the combination of the two engines at EM thermodynamic conditions:

" ADM top (ADMT) on ADM bottom (ADMB)

. EM top (EMT) on EM bottom (EMB)

5A-5
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- * EM top on ADM bottom

ADM top on EM bottom.

These tests were performed in a slope/intercept format that allowed seperation

of locked displacer parasitic losses from moving displacer parasitic losses

" and power generation. The EM system Cell 5 engine was used for the above

P tests.

Figures A-1 through A-4 show the results that indicated that there was essen-

- tially no performance difference between EMT on EMB, ADMT on ADMB, and EMT on

ADMB builds (very small differance between the EM system engine and the ADM

engine performance). ADMT on EMB was tested latter in 1985 and this test also

showed similar results. In addition, the EMT on EMB test data differed from

the code predictions in the same manner as the ADMT on ADMB test data differed

from the code predictions. The performance of the EM system engine was well

below the previously measured (1982 and March 1984) EM performance Cell 3

" - engine data.

It was a surprise that the EM system engine behaved similar to the ADM engine.

The question that arose was that if a good (good refers to EM engine which has

performance similar to EM performance engine) EMT is tested on ADMB, will the

performance be similar to the EM engine; looking at all the available facts,

p the answer was yes. The focus, therefore, shifted to the understanding of why

the EM system engine performed poorly as compared to the EM performance

. engine. Understanding this differance was the first goal of FY85 IR&D

program, which was a necessary step in identifying the reason for the ADM

power shortfall (see Figure A-5). The other goals of IR&D FY85 program were:

. Validate slope/intercept performance evaluation technique

"" • Build a good EM engine for testing on the ADM bottom end

* Investigate influence of compression space volume on engine

-. performance.

A-6
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• .- FY85 IR&D Program Results

The conclusions drawn from the above work were:

The stator O-ring is necessary in order to maintain a high performance

level of the EM system engine. Incorporation of the O-ring improves

cycle efficiency by 6 points and PV power by 10 to 15%. Absence of the

-. 0-ring results in a significant axial and circumferential regenerator

temperature maldistribution. With the O-ring in, the axial temper-

' ature profile is linear and circumferential temperature profile is

uniform.

* A performance engine with a generation 1 cooler is thermodynamically

stronger than the system engine. A performance engine with a gener-

ation 2 cooler is thermodynamically similar to the system engine.

, A system engine with a generation 1 cooler and stator O-ring is thermo-

dynamically similar to the performance engine.

From all of the above, we can sumarize the following facts:

1. The difference between the EM performance engine and system engine is

in their build configuration. EM performance engine was assembled

with stator O-ring in (only in FY85; earlier tests showed good

performance with builds without stator O-ring) from which we can

conclude that the O-ring is necessary only if the hardware has

degraded with use), and with generation I cooler. The EM system

* iengine was tested without stator O-ring, and with generation 2 cool-

er.

2. EM performance engine (built with generation 1 cooler) is thermody-

namically much stronger than the EM system engine (built with gener-

ation 2 cooler).

3 . EM system engine when tested with stator O-ring in and with gener-

ation I cooler performs similar to EM performance engine.

\-L2
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- . 4. ADM engine and EM system engine with generation 2 cooler have similar

thermodynamic performance.

5. Water side manifold in the ADM cooler is similar to the generation 2

cooler.

6. AlL ADM testing was performed without stator O-ring

Based on the above results the possible causes for the ADM power shortfall

were narrowed to:

1. Cooler configuration

2. Inadequate clearance seal between the displacer liner and motor

stator in absence of the stator O-ring.

. 3. Large compression space dead volume causing some unknown loss.

ii Early FY86 Program Test Results

The EM performance engine was tested with and without increased dead volume in

the compression space. No performance degradation was seen with increase in

dead volume (17 cubic inches were added to the EM compression space to make

.* the dead volume similar to that in the ADM engine).

From the above test results, we would expect that the ADM engine performance

would significantly improve if the engine was tested with EM generation 1

cooler and with stator O-ring in.

From these test data, the influence of stator O-ring on performance was under-

standable. Without the O-ring, the effective temperature ratio across the

regenerator is reduced and a large temperature variation exists in the circum-

.* ferentiaL direction which would obviously reduce the power generation capa-

bility of the engine.

kA- 13



The influence of generation 2 cooler on engine performance was not clear. The

following gives the results of generation I and generation 2 tests on EM

9engine (engine was tested with stator O-ring), performed in FY86.

At 5.9-bar pressure amplitude, the slope of PV power versus displacer

-r amplitude was similar between the two builds and the code prediction.

. At 7.5-bar pressure amplitude, the generation 2 cooler build had lower

slope than the generation 1 cooler cooler and the code predictions
;1;6

* At 9.1-bar pressure amplitude, the slope difference between the gener-

ation 2 cooler build and the code predictions increased

a Compression space temperature for generation 1 and generation 2 cooler

builds were similar for both 5.1- and 7.5-bar pressure amplitude tests

" Regenerator temperature profile between the generation 1 and gener-

ation 2 cooler builds were similar for both 5.9- and 7.5-bar pressure

amplitude tests

" Temperature profile on the external surface of the generation 2 cooler

build was measured by a hand-held themocouple. No significant temper-

ature variations were found on housing the surface

" Analysis did not indicate any significant performance penalty for

.,'. generation 2 cooler (1.5% slope difference)

• Load-line test results did not indicate any significant performance

difference between the generation 1 and generation 2 cooler builds.

The only logical conclusion that can be drawn from the above is that the

performance degredation in the generation 2 cooler build is not because of

i inadequate heat transfer capability of generation 2 cooler. However, the

performance degradation with the generation 2 cooler was repeatable. We have

not been able to understand the reason for this degradation in performance

A-14



.- that exists in some tests and not in others (may be due to build to build

differences).

The conlusion reached after the early FY86 IR&D testing was that most probably

* the ADM engine will perform well if the engine is assembled with the stator

O 0-ring in. This assumed that the external heat transfer in the generation 2

EM cooler was not the reason for the poor performance of the EM system engine.

The next planned test in FY86 IR&D program was to test the ADM engine with

generation 3 EM cooler and with stator O-ring in.

A.-
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Summary

A tubed-head ADM engine was tested in both the load-line and the

slope/intercept format. These tests showed large temperature differential

between the back and the front row of the heater tubes (back row tubes had

about 150 to 2000C lower temperature than the front row tubes). In addition,

the heater tubes had large axial temperature variation. This was because of

the nonuniform gap between the tubes in the axial direction. Since the regen-

erator is connected to the back row tubes, the regenerator top temperature was

about 250 to 300 C lower than the front row tube temperatures. Under these

temperature conditons, the maximum PV power of 2.6 kW was achieved at approxi-

mately 18-mm of the displacer and the piston strokes. Any substantial

improvement in the engine PV power would require a better heater head temper-

* ature distribution, which would involve a major modification to the heater

head tubes. The available funds and time were not sufficient to perform the

necessary hardware corrections.

The only other major difference between the tubed head and monolithic head

builds was in the regenerator screens. Wire thickness of tubed head regenera-

tor was 3.5 mil, whereas the monolithic head regenerator matrix was made of

* 2.5-mil thick wire.

The only purpose of this appendix is to document the results obtained for

future reference.

Load-Line Test

Figures B-* through B-8 show engine operating parameters plotted against

piston amplitude. Figures B-9 and B-10 compare the measured- and code-

predicted (CFAST) PV and thermodynamic power, respectively. Comparisons for

pressu-e amplitude, pressure wave phase angle, regenerator top and bottom

temperatures are shown in Figures B-11 through B-14.

~ .

*Figures for this appendix begin on page B-5.

, .W B-2
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Slope/Intercept Test

This test was performed at 600 0 C average front row tube temperature, 800

displacer phase angle, and 7.6-bar compression space pressure amplitude (60-

• -bar mean pressure). Displacer stroke was varied from 4 to 12 mm. Test results

and code predictions are plotted on Figures B-15 through B-22.

Both the load-line and slope/intercept tests were performed on 23 August 1986

using test data file DADMI.
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ADM Clearance Summary*

Cas Spring: Seal Between Cas Spring and Compression Space

Piston Cylinder Radial Clearance

Print Diameter 2.9541 2.9555 0.0006 (min)
2.9539 2.9553 0.0008 (max)

Measured Diameter 2.95364 2.9538 0.0001 (avg)

Power Piston: Seal Between Gas Spring and Compression Space

Piston Cylinder Radial Clearance

. Print Diameter 4.200 (nom) 4.201 0.00045 (min)
Match Match 0.00055 (max)

Machined Machined

Measured Diameter 4.20067 4.2023 0.0008 (avg)

Displacer Motor

Sleeve in

O 
Displacer Motor Radial Clearance

Print Diameter 3.680 3.6840 0.0017 (min)

3.679 3.6835 0.0025 (max)

Measured Diameter 3.67924 3.6878 0.0043 (avg)

Post and Flange

Rod Post Radial Clearance

Print Diameter 1.6001 1.6011 0.0004 (min)
1.5999 1.6009 0.0006 (max)

Measured Diameter 1.59942 1.60089 0.0007 (avg)

Displacer: Seal Between Pmean and Compression Space

Displacer Post Radial Clearance

Print Diameter 3.0715 3.0701 0.0006 (min)
3.0713 3.0699 0.0008 (max)

Measured Diameter 3.07290 3.06964 0.0016 (avg)

"-All dimensions in inches

LC-2 V-



I.

Power Piston/Cylinder Tolerance Study*

Serial
Number Piston Cylinder Port Band

1 1 4.20068 (No. 1 L) 4.2040
High: 4.20090 High: 4.2012 4.2010 4.2031
Low: 0.0001 Low: 4.2009 4.2043
Avg.: 0.0006 Avg.: 0.0004

2 4.20060 (No. 2 R) 4.2017
- High: 4.20110 High: 4.2018 4.2019 4.2019

Low: 0.0001 Low: 4.2016 4.2022
Avg.: 0.0004 Avg.: 0.0001

3 4.20086 Defective -
High: 4.20100 Not Inspected
Low: 0.0001
Avg.: 0.0005

4 4.19997 (No. 4 L) 4.2020
High: 4.20040 High: 4.2017 4.2018 4.2026
Low: 0.0001 Low: 4.2016 4.2040
Avg.: 0.0001 Avg.: 0.0002

I *ALI dimensions in inches

.- 3

* +. + + . + u . + .. .. - io .- - - +



Possible Combinations*

Piston

Cylinder No. I No. 2 No. 3 No. 4

1L Bore: 4.2012 4.2012 4.2012 4.2012
Shaft: 4.20068 4.20060 4.2086 4.19997

J Rad. Clearance: 0.08026 0.0003 0.00017 0.00062

2R Bore: 4.2018 4.2018 4.2018 4.2018
Shaft: 4.20068 4.20060 4.2086 4.19997
Rad. Clearance: 0.00056 0.00060 0.00047 0.00092
Band Radial: 0.0006

4L Bore: 4.2017 4.2017 4.2017 4.2017
Shaft: 4.20068 4.20060 4.2086 4.19997
Rad. Clearance: 0.00051 0.00055 0.00042 0.00087
Band Radial: 0.001

*All dimensions in inches

• '.
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